Abstract-A common problem which is faced by the researchers when dealing with arterial carotid imaging data is the registration of the geometrical structures between different imaging modalities or different timesteps. The use of the "Patient Position" DICOM field is not adequate to achieve accurate results due to the fact that the carotid artery is a relatively small structure and even imperceptible changes in patient position and/or direction make it difficult. While there is a wide range of simple/advanced registration techniques in the literature, there is a considerable number of studies which address the geometrical structure of the carotid artery without using any registration technique. On the other hand the existence of various registration techniques prohibits an objective comparison of the results using different registration techniques. In this paper we present a method for estimating the statistical significance that the choice of the registration technique has on the carotid geometry. One-Way Analysis of Variance (ANOVA) showed that the p-values were <0.0001 for the distances of the lumen from the centerline for both right and left carotids of the patient case that was studied.
I. INTRODUCTION
Cardiovascular disease (CVD) is one of the leading causes of disability and death worldwide [1] . Plaque vulnerability causes plaque rupture which is directly related with CVD. The evaluation and diagnosis of the current condition and the evolution of the plaque requires the assessment of the arterial geometry, thus it is crucial to monitor plaque changes in morphology during time.
It is evident from the literature that accurate assessment of the changes in carotid geometry is vital for estimating the risk of plaque rupture. Holden [2] has generically reviewed the geometric transformations for non-rigid body registration. Phan et al. [3] have indepentently associated various Internal Carotid Artery (ICA) geometry measures with ICA stenosis. A geometry related risk factor that has been thoroughly studied is Intima-Media Thickness (IMT). O'Leary et al. [4] in certain populations. Lorenz et al. [5] after conducting a meta-analysis found that Carotid IMT is a strong predictor of future vascular events. Nanayakkara et al. [6] have used a "twist and bend" model on ultrasound (US) images of carotid plaque obtained at different time points. Gupta et al. [7] have proposed a hybrid technique for US registration using rigid transformation along with mutual information and Powell optimizer. Registration techniques have also been used in Dynamic Contrast-Enhanced MRI by Ramachandran et al. [8] using a template-based squared-difference method.
There exists also an increasing number of studies that tackle the problem of registration in carotid arteries between different modalities. Nanayakkara et al. [9] have also used the "twist and bend" model to combine Magnetic Resonance Imaging (MRI) and ultrasound (US) carotid images. Carvalho et al. [10] have introduced a semiautomatic method for registering free-hand B-Mode US and MRI of the carotid artery. Chiu et al. [11] have developed a surface-based algorithm for US and MRI using iterative closest point (ICP). Loeckx et al. [12] have proposed the use of non-rigid registration on Computed Tomography Angiography (CTA) images.
The objective of our study is to test the statistical significance of the use of two rigid registration techniques. The variable that was tested was the difference of the distance of the lumen wall from the centerline in the baseline and followup, with and without using a rigid registration technique. The rigid registration techniques tested are: one using the whole carotid artery and another using separately each one of the branches (common, internal and external).
II. METHODS
The image acquisition of the data that were used [13] was Time-Of-Flight (TOF) MRI, which is a technique that allows visualization of the flow within the carotid artery. Two timesteps of the left and right carotid from one patient were used, at baseline and at follow-up (6 months).
The first step of preprocessing consists of manual choosing a rectangular bounding box around the carotid artery. Then the wall of the lumen of the carotid artery was reconstructed using a manually chosen intensity threshold, without loss of generality. All the visualizations were made using the functionalities of our previously published software [14] .
Three cases were compared. In the first one, the followup remained unchanged. In the second one intensity-based monomodal registration was applied on the volume as a whole [15] using rigid transformation. The baseline volume was used as the fixed reference and the follow-up as the moving target. In the third case the common, internal and external carotid branches were split using a cut-off plane to a manually chosen height.
In all cases the vertical position of the registered followup was manually adjusted in such a way that the apex of the registered follow-up coincided with the apex of the fixed reference to avoid divergence of the registration's optimization. Then, 100 horizontal cut-off planes were used (46 for common, 54 for internal and external). The intersected curves were interpolated in 100 points and in-between aligned. The cases are depicted in Fig.1 which provides the methodology of our approach. The set of linear segments that connect the points of the centerline of the external branch and the points of the centerline of the internal branch were used as reference for the angles, as it is shown in Fig.2 . In Fig.3 The blue, red and green isosurfaces depict the common, external and internal carotid branches respectively. The same color rule applies for the thick lines that depict the centerlines of the branches. The thin blue lines that connect the points of the centerlines of the internal and external and the points of the centerline of the common with the common wall, depict the base for the angles and the magenta horizontal planes separate the common branch with the external and internal branches.
III. RESULTS
The distances from the centerline for each case and each branch were subtracted from the distances from the centerline at the baseline separately. An indicative spread-out plot is shown in Fig.4 . The plot has been interpolated using 4 times the original points in order to smoothen the surface.
The mean absolute difference of distances of the tested variable were calculated for the two timesteps for both registration techniques and the results are shown in Table. I. The results were grouped into three groups one for each branch and then each one of the groups was analyzed using One-Way Analysis of Variance (ANOVA). The p-values for all the three groups were <0.0001 with 4600 and 3700 samples for the common branches and 5400 and 7300 samples for the internal and external branches, for the right and left carotid, respectively. Therefore, the choice of a registration method (or the absence of it) on the specific carotid arteries that were studied statistically influenced the results. By visually comparing the results of the two registrations techniques it is observed that the one using the separated branches failed to fit the common artery near the bifurcation region related with the one using the artery as a whole. 
IV. CONCLUSIONS
In this study it was demonstrated that the choice of the 3-D registration technique on carotid arteries is important and it has considerable effect on the geometrically related results. One of the future work is to test our approach using a considerable amount of data in order to increase the statistical significance of the results. Moreover, the results need to be validated using a golden standard either by using artificially generated data (on which the golden standard is known with maximum accuracy) or either by creating a method that allows the expert to create annotations on these type of data.
